The folding trajectories of a 16-residue ␤-hairpin are studied using the activation-relaxation technique with a generic energy model. From more than 70 trajectories, three folding pathways emerge. All involve a simultaneous optimization of the complete hydrophobic and hydrogen bonding interactions. The first two follow closely those observed by previous theoretical studies, while the third can be described as a reptation move of one strand of the ␤-sheet with respect to the other. This reptation move indicates that non-native interactions can play a dominant role in the folding of secondary structures. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1613642͔
The folding of the second ␤-hairpin of the domain B1 of protein G ͑residues 41-56͒ shows many features characteristic for protein folding and has been adopted as good model for understanding the energy landscape and the folding dynamics of proteins. Fluorescence experiments show that this ␤-hairpin folds in isolation with a time constant of 6 s, and that its folding kinetics is well described by the two-state model. 1 Experiments do not provide details of the transition between the non-native and native states, 1 however, and the nature of folding for this hairpin still remains to be solved. Even focusing on this simple peptide, conflicting folding pathways have been proposed, providing only a very partial understanding of the energy landscape.
Because of its fundamental importance, the folding of the simple ␤-hairpins has received considerable attention from the computational community. The folding mechanisms identified previously can be classified in terms of the direction of propagation of the final structure. In the first mechanism, the turn of the hairpin is formed first and the structure propagates from there. [1] [2] [3] [4] This mechanism has been seen by lattice Monte Carlo ͑MC͒ dynamics simulations 3 and molecular dynamics ͑MD͒ simulations on various peptides. 5, 6 The second mechanism involves a hydrophobic collapse followed by simultaneous optimization of the exact hydrophobic core and hydrogen bonds network. The two extremities of the peptide first approach each other to form a loop, which then leads to the formation of a ␤-turn. [7] [8] [9] [10] [11] [12] [13] This mechanism has been identified by simulations using Langevin dynamics with implicit solvent, 9 MD and MC simulations, 8, 13 minimalist Gō-folding discontinuous MD simulations, 11 and unfolding simulations. 7 To add to this confusing picture, the possibility remains that current sampling methods might miss major pathways, as has been discussed recently. 14 We revisit these issues using the activation-relaxation technique ͑ART nouveau͒, 15, 16 which allows us to generate the first complete folding trajectories without bias for this simple peptide. ART defines activated moves directly in the energy landscape, ensuring that the protein escapes deep metastable traps without having to introduce a bias towards specific collective motions. 17 A typical 4000-event sequence takes less than 18 processor-hours on an IBM Power-4.
The interactions are calculated using a previously described optimized potential for efficient peptide-structure prediction ͑OPEP͒.
18 OPEP can be used to simulate any amino acid sequence and works for polypeptides adopting helix bundles and three-stranded antiparallel ␤-sheet in solution, among others. 19 In OPEP, the two-body energy for one hydrogen bond ͑H-bond͒ between residues i and j ( jϪi у4) is defined by E hb ϭ hb (r i j )(␣ i j ) where (r i j ) ϭ5(/r i j ) 12 Ϫ6(/r i j ) 10 , (␣ i j )ϭcos 2 ␣ ij if ␣ i j Ͼ90°or ϭ0 otherwise, the O¯H distance between the carbonyl oxygen and amide hydrogen and ␣ i j the NHO angle. In OPEP, we also attempt to reproduce the strong cooperative nature of the amide H-bonds as demonstrated by infrared and nuclear magnetic resonance ͑NMR͒ spectroscopy and quantum mechanical calculations. 20, 21 The energy between two H-bonds i j and kl is defined by To characterize a conformation, we use the number of native H-bonds (N HB ), the radius of gyration of the hydrophobic core (Rg core ) and the rms distance ͑rmsd͒ of residues 41-56 from the native structure taking into account only the ␣-carbons (C ␣ ). 23 Rg core is calculated using the side chains of the four residues W43, Y45, F52, and V54. Our native structure contains six backbone H-bonds excluding the one at the turn since it rarely forms because of geometrical constraints. Following Karplus 8 and Garcia, 10 An extensive ART search using OPEP indicates that the global energy minimum for this hairpin superposes within an rmsd per C ␣ of 1 Å on the hairpin structure within protein G ͑Protein Data Bank entry 2GB1͒. 23 Lacking a high-resolution NMR structure of the isolated ␤-hairpin, 24 the structure from protein G is used as the reference. Figure 1 ͑produced by using the MOLMOL software 25 ͒ shows the structure within protein G ͑a͒, as well as the lowest energy structure ͑b͒ of the potential, and four non-native hairpin structures ͑c͒-͑f͒ identified by ART. For the purpose of our simulation, we define a structure as native-or fully folded-if it satisfies the following four criteria: ͑i͒ six native H-bonds are present; ͑ii͒ the backbone angles ͑,͒ have standard ␤-sheet values; ͑iii͒ the hydrophobic core is well packed; and ͑iv͒ the all-residue C ␣ rmsd from 2GB1 is less than 2.5 Å. As a result, only hairpin ͑b͒, which corresponds to the global minimum of the OPEP potential (EϭϪ33 kcal/mol), is considered native, while hairpins ͑c͒-͑f͒ fail one or more of our criteria. These conditions for nativeness are more stringent than those used in previous folding simulations, thus allowing a finer description of the trajectories. 9, 11 For example, Zagrovic et al. do not refer to native H-bonds and consider the asymmetric ␤-strands ͑d͒-͑f͒ as folded states. 9 To identify the folding trajectories, we launch 72 independent runs at 300 K starting from a fully extended state; 52 use the standard OPEP force field and 20 use a modified OPEP version with a strengthened energy parameter for H-bonds. These simulations are run typically for a maximum of 4000 trial events. Of these, 22 simulations result in fully folded hairpins meeting our criteria for native states-16 using the OPEP potential, and six using the modified OPEP potential. The remaining 50 runs lead either to hairpin structures with different hydrogen bonding patterns ͑see Fig. 1͒ or metastable states ͑E between Ϫ21 and Ϫ30 kcal/mol͒. Continuing the simulation at 300 K on two arbitrarily chosen metastable states, we find it possible to reach the native state within 5000 additional trial events, indicating that ART does not remain trapped in metastable states.
First we look at the 16 fully folding trajectories using the standard OPEP potential. All these trajectories can be classified as variations on three mechanisms which are illustrated in Figs. 2-3 .
Mechanism I is similar to that described in Refs. 3-5, and 12. A representative folding pathway is shown in Fig. 2 ͑left͒. Starting from a fully extended state, the peptide collapses into a compact state with the turn placed in the right section of the chain ͑residues 7-10͒ ͑Events 53 and 86͒, a partially formed hydrophobic core and a native H-bond near the turn. From there, the ␤-sheet propagates outwards until five native H-bonds are in place ͑Event 109͒, and then also the sixth ͑Event 471͒. Mechanism II, seen in seven folding trajectories, was observed by several simulations of hairpin, 7, 13 and multicanonical MD simulations of a 10-residue hairpin model with explicit water.
12 Figure 2 ͑right͒ shows a representative folding pathway. The peptide collapses into a globular state ͑Event 55͒ with a partially formed hydrophobic core. After structural relaxation, the N-and C-termini approach each other to form a loop ͑Event 280͒. Because of the proximity of the two ends, H1 appears first, followed by H2, forcing the backbone dihedral angles to adopt proper ␤-sheet values ͑Event 528͒. The H-bonds then propagate inwards as folding progresses. After a fast structural adjustment, the six native H-bonds and the radius of gyration of the hydrophobic core form ͑Event 600͒. The short-lived helical structure ͑Event 280͒ is not a necessary intermediate and appears in four of the seven trajectories following Mechanism II. As is hinted in Fig. 2 , Mechanisms I and II are not uniquely defined and we find many trajectories which fall somewhere in between these two descriptions.
This is not the case for Mechanism III, which has not been identified by previous folding, 9,11 unfolding, 7 or equilibrium simulations. 10, 13 This mechanism has been seen in five folding trajectories. Starting from a fully extended state ͑see Fig. 3͒ , folding begins with a rapid collapse to a compact form characterized by the formation of a partially packed hydrophobic core and one or two temporary nonnative H-bonds ͑Event 120͒. Then the number of non-native H-bonds increases to four, and the ␤-sheet becomes longer ͑Event 610͒. During the next 1300 events, the peptide samples hairpin conformations with different loop structures: up-bent ͑Event 120͒, down-bent ͑Event 610͒, or flat ͑Event 1250͒. All these hairpin structures contain four non-native H-bonds. At Event 1950, pushed by the hydrophobic interactions, the reptation motion of the loop enhances longitudinal motion of the two strands, breaking the four non-native H-bonds and forming four native ones ͑H1, H3-H5͒. The hairpin structures forms rapidly afterwards, with the addition of a fifth native H-bond ͑H6͒ and a rmsd dropping to 1.4 Å ͑Event 1966͒. Within ten further events, the peptide has found its way into its lowest energy state, EϭϪ33 kcal/mol. As is shown in Fig. 3 , the critical step is the breaking, almost in synchrony, of four or five non-native H-bonds of a structure very close to the native state, followed by a rapid formation of the native H-bonds.
Although not identified previously, this mechanism is consistent with a wide range of results. There is experimental evidence that many ␤-hairpin sequences can populate two distinct hairpin conformations of various loop lengths and pairings of ␤-strands. 26 Moreover, the intermediate states in Mechanism III, hairpins with non-native H-bonds, are commonly found in computer simulations. Cluster analysis of the structures generated from multicanonical MC simulations of the all-atom hairpin model shows that, at 300 K, hairpins with non-native H-bonds account for 20% of the total. 8 Using MC dynamics with a lattice model, Skolnick et al. 3 found that the turn of the hairpin often forms in the wrong place. Although these structures are not identified as such, most of the folded hairpin structures of Zagrovic et al. 9 also seem asymmetric, locked into the final intermediate before the perfect native state. Asymmetric ␤-hairpin structures have also been observed by MD simulations of an 11-residue model peptide. 5 They could not make the final move, however, breaking four non-native H-bonds and forming the native H-bonds, which represents the rate-limiting step of the reptation mechanism. The energy barrier associated with this step is about 12 kcal/mol above the native energy corresponding to a time scale on the order of s, 27 near the experimental folding scale but out of reach from most simulation techniques.
This complex folding picture remains qualitatively unchanged even if the force-field parameters are changed. We run 20 simulations at 300 K using OPEP with an energy parameter for the hydrogen bond ͓ hb ͔ increased from the standard value of 1.5 to 2.5, a change which could considerably affect the stability of intermediate structures. Even with these parameters, we find the three folding mechanisms among the six successful trajectories.
The three folding mechanisms proposed here help reconcile conflicting theoretical data on the folding of various 
␤-hairpins
1, 4, 6, 8, 11 while demonstating that folding trajectories even in such a simple peptide can balance between many competing forces: the pull of the hydrophobic core, the metastability of the non-native hydrogen bonds and the strength of the native interactions. Based on these three mechanisms, it is possible to develop a complete and generic picture of the ␤-hairpin folding independent of the exact amino acid composition. We believe that the preference of one mechanism relative to the others can be tuned by mutations and solvent conditions. All mechanisms can be described as a partially hydrophobic collapse followed by the cooperative formation of native or non-native H-bonds and of the hydrophobic core. The first two mechanisms had been previously described following the application of standard approaches: ͑i͒ the peptide first collapses into a turn and bend structure from which cooperative formation of H-bonds and hydrophobic core leads to the native state; and ͑ii͒ the N-and C-termini first approach each other to form a loop and finally the final hydrogen bond network and hydrophobic core form. The third mechanism is proposed for the first time here. It involves the reptation of the loop, which facilitates the sliding of one strand over the other, moving from non-native to native positions; similar behavior has been noted in polymers. Although this mechanism had not been detected in previous folding studies of a single protein, a number of results supports its existence. Whether extrapolation of this reptation mechanism to large proteins is valid remains to be tested but it might be particularly useful in densely packed environments.
Our study demonstrates that folding trajectories for a ␤-hairpin are more complex than what is typically thought. In particular, we have shown that non-native interactions can play a dominant role in stabilizing specific folding pathways. A part from its intrinsic importance, the discovery of the reptation mechanism also raises some concerns about the generality of various simulation techniques as this folding mechanism cannot be generated by protein unfolding or Gō-like, underlining the need for techniques such as OPEP-ART to provide a full characterization and clearer picture of the activated mechanisms responsible for the long-term dynamics.
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